Activation of tyrosine kinases by translocation or retroviral transduction has been linked to the development of many lymphoid malignancies. The gag-Abl fusion protein encoded by the v-abl oncogene of Abelson murine leukemia virus (AMuLV) is a non-receptor tyrosine kinase, which, unlike its cellular counterpart, c-Abl, is constitutively active. Although the A-MuLV primarily induces pre-B cell leukemias in vivo, the v-abl oncogene can transform other cell types such as NIH 3T3 fibroblasts in vitro (46) . The mechanisms responsible for the cell type specificity of in vivo transformation by A-MuLV are not known.
Characterization of different domains of the v-Abl oncoprotein and the molecular interactions in which they participate has been a useful approach to elucidate the mechanism of v-Abl function. The majority of v-Abl substrates identified to date are proteins involved in the transduction of signals leading to gene transcription and cellular proliferation, including phosphoinositol 3-kinase (54) , Ras/mitogen-activated protein (MAP) kinase (40, 49) , Fes (14) , Fos/Jun (8, 44) , and c-Myc (48) . It also appears that the regions of v-Abl required for transformation differ for bone marrow and fibroblast targets. The SH2 and protein tyrosine kinase domains, as well as the myristoylation signals at the N terminus of the protein, are required for the transformation of all v-Abl targets (24, 31, 42, 47) . However, the C terminus of the protein is required for immortalization of bone marrow cells but is dispensable for fibroblast transformation (41, 47) . The molecular basis for this differential requirement of the C-terminal region of v-Abl in immortalization of various targets has not been elucidated.
The primary target cells of A-MuLV in bone marrow are B-cell precursors that are normally dependent on cytokines produced by bone marrow stromal cells for proliferation and survival. Upon infection with A-MuLV, these cells arrest at the pre-B stage of differentiation (46) and become independent of cytokines for growth, suggesting that signaling pathways activated by v-abl can substitute for those activated by cytokines. Several proteins required for cytokine signaling have recently been identified and characterized (35) . In an attempt to understand the molecular mechanism of the cytokine-independent growth of A-MuLV-transformed pre-B cells, we have previously shown that the Janus kinase (Jak)-STAT proteins involved in signaling by interleukin-4 (IL-4) and IL-7 are constitutively activated in these cells (9) .
Constitutive activation of STATs has been implicated in several oncogenic processes, including human T-cell lymphotropic virus type 1 (HTLV-1) and v-src-generated tumors, in cells infected with herpesvirus saimiri, in some but not all Philadelphia chromosome-positive patients with Bcr-Abl-mediated leukemias, in anaplasic large-cell lymphoma, in lymphoid or myeloid leukemia and lymphoma cells, and in Sézary syndrome (Szs) (reviewed in reference 18). The molecular mechanism leading to constitutive STAT activation in these tumors, however, remains to be elucidated. Recent reports indicate that the SH2 and the SH3 domains of v-Src are required for STAT activation (6) and that Src can be immunoprecipitated with Stat3 and Jak1 (2, 3) . Whether these interactions are sufficient to activate Stat3 remains to be shown.
Constitutive activation of the Jak-STAT components of IL-4 and IL-7 signaling in A-MuLV-transformed pre-B cells is not the product of an autocrine loop (9a). These observations are consistent with a model in which signals activated by v-Abl bypass the requirement for these cytokines to bind their receptors. A bypass mechanism is further supported by the finding that in A-MuLV-transformed pre-B cells, the Jak1 and Jak3 proteins are both activated in a v-Abl-dependent manner and are also found in physical association with v-Abl (9) . To define the mechanism of v-Abl-dependent STAT activation in A-MuLV-transformed cells, we have examined the significance of v-Abl-Jak association in these cells. Association of v-Abl and Jak1 occurs through a direct interaction and requires a region in the carboxyl terminus of the v-Abl oncoprotein. Deletion of this region in v-Abl abrogates its ability to activate Jak1 and STAT proteins independent of cytokines and to support the proliferation of BAF/3 pro-B cells in the absence of IL-3 and reduces the efficiency of this oncoprotein to induce tumors in nude mice. Consistent with these structure-function studies, a kinase-inactive Jak1 protein inhibits the ability of v-Abl to activate STATs and to induce cytokine-independent growth. Taken together, these results imply that Jak1 is a downstream target of v-Abl and show that v-Abl-Jak1 interaction and Jak1 activity are necessary for v-Abl-induced STAT activation and cellular proliferation.
RESULTS
aa 858 to 1080 in the carboxyl-terminal portion of v-Abl are required for Jak1 association. We have previously shown that in A-MuLV-transformed pre-B cells, 10 to 20% of the total cellular v-Abl associates with the Jak1 and Jak3 proteins (9) . To identify the domain(s) of v-Abl essential for this interaction, different regions of Abl were expressed as GST fusion proteins for in vitro binding studies (Fig. 1A) . The region spanning aa 237 to 645 (based on the p160 genome of AMuLV, aa 1 is the starting methionine in gag [52] ) corresponds to the N-terminal portion of v-Abl and includes the SH2 and kinase domains. The region containing aa 706 to 1080 includes proline-rich (SH3 binding) regions (16, 43) and a domain that, in c-Abl, exhibits DNA binding activity (25) . aa 1081 to 1244 span a region that has been shown to bind F/G-actin in c-Abl and Bcr-Abl (32, 53) . GST fusion proteins were generated, bound to glutathione-agarose beads, and incubated with whole-cell extracts prepared from a nontransformed pre-B-cell line (clone K). Materials bound to beads were washed and fractionated, and the interaction of the GST fusion proteins with Jak1 was examined by Western blotting with an antibody to Jak1.
The GST-Abl fusion protein expressing the proline-rich and DNA binding domains (aa 706 to 1080) consistently associates with the Jak1 protein present in whole-cell extracts (Fig. 1B,  lane 4) . Preliminary experiments suggest that this region of Abl can also mediate interaction with Jak3 in cell extracts (data not shown). Interestingly, cytokine treatment before preparation of cell extracts does not affect the outcome of the in vitro binding experiments (data not shown), suggesting that prior activation of Jak1 is not necessary for the Jak1-Abl interaction. This is consistent with our previous observation that in ts-AMuLV-pre-B cells, Jak1 and v-Abl coimmunoprecipitate at nonpermissive temperature when Jak1 is hypophosphorylated (9) . The in vitro interaction of Abl and Jak1 is specific since unrelated proteins, including TFE3, Oct1, YY1, the two different SH2 domains of the regulatory subunit of PI3-kinase (p85), and the SH2 domain of Crk, expressed as fusion proteins do not bind Jak1 (Fig. 1B, lane 2 , and data not shown). The GST-Abl fusion protein containing the SH2 and the kinase domains does not bind Jak1 consistently in similar in vitro binding assays. These data indicate that a domain in the carboxyl terminus of v-Abl can interact with Jak1 and that a second region of v-Abl may also participate in this interaction.
To further delineate the Jak1-interacting domain of Abl, various deletion mutants mutated in the region spanning aa 706 to 1080 were generated and analyzed in similar in vitro binding studies. The first 152-aa sequence in this region, aa 706 to 857, which contains one of the three proline-rich (SH3 binding) sequences previously defined as being in the C termini of Abl proteins (16, 43) , does not interact with Jak1 in vitro (Fig. 1B, lane 12) . In contrast, the 223-aa region which corresponds to the domain in c-Abl that binds DNA (25, 33) , aa 858 FIG. 1. Mapping the Jak1 interaction domain of v-Abl in vitro and in vivo. (A) GST fusion proteins spanning various domains of v-Abl, including the src homology 2 and the protein tyrosine kinase domains (SH2-PTK, aa 237 to 645), the proline-rich and the DNA binding domains (aa 706 to 1080), and the F-actin binding domain (aa 1081 to 1244), or smaller GST fusion proteins spanning aa 706 to 857, 858 to 981, and 982 to 1080 were expressed in bacteria and bound to glutathione beads. (B and C) Equal amounts of fusion proteins were incubated with 1 mg of whole-cell extracts prepared from a murine pre-B-cell line (clone K) (B) or 1 to 3 g of purified Jak1 protein (C). Bound materials were washed extensively, eluted off the beads, fractionated by SDS-PAGE (7% polyacrylamide), and blotted with an antibody to Jak1. The GST moiety alone and the SH2 domain of Crk were used as controls for the specificity of the GST fusion protein-Jak1 interaction. Jak1 immunoprecipitates from the same whole-cell extracts (panel B, lane 6) were included as control for the Jak1 protein. (D) IL-3-dependent BAF/3 cells were stably transfected with v-Abl expression constructs encoding the wild-type p160 v-Abl or the Jak1 binding mutant ⌬858-1080. A 1-mg portion of total protein extracts from the transfectants was immunoprecipitated (IP) with an antibody to Jak1. Immune complexes were fractionated by SDS-PAGE (7% polyacrylamide) and subjected to Western blotting (WB) with an Abl antibody. The blot was stripped and probed with a Jak1-specific antibody to control for the amount of Jak1 immunoprecipitated.
VOL. 18, 1998 Jak1-v-Abl INTERACTION LEADS TO STAT ACTIVATION 6797 to 1080, binds Jak1 when incubated with whole-cell extracts (lane 9). Two smaller deletion mutants mutated within this domain were generated to yield a fragment spanning aa 858 to 981 and the previously defined minimal c-Abl DNA binding domain, aa 982 to 1080. These latter GST fusion proteins do not bind Jak1 when incubated with whole-cell extracts (Fig. 1B , lanes 10 and 11). Thus, a 223-aa sequence in the carboxylterminal region of v-Abl is required for association with Jak1. Association of the Abl carboxyl terminus with Jak1 in wholecell extracts could occur through a direct interaction of these proteins or may require a third molecule. To distinguish between these two possibilities, in vitro binding studies with 1 to 3 g of a purified Jak1 protein were performed. The Jak1 protein used in these experiments was histidine tagged and purified on appropriate columns. Immunoblotting of the materials bound to GST fusion proteins with an antibody to Jak1 shows that the GST fusion containing the proline-rich and DNA binding domains (aa 706 to 1080) or just the DNA binding domain (aa 858 to 1080) of Abl interacts with purified Jak1 (Fig. 1C) . The lack of association between the GST moiety alone and purified Jak1 suggests that the above interaction is specific rather than an artifact of the amount of GST fusion protein or the purified Jak1 used. Analysis of total purified Jak1 protein left in the supernatant after incubation with GST fusion proteins compared to the amount brought down with GST fusion proteins shows that approximately 15% of purified Jak1 was associated with the GST fusion protein in the above in vitro binding experiment (data not shown).
To examine the requirement of the region spanning aa 858 to 1080 of v-Abl in Jak1 binding in vivo, stable BAF/3 pro-Bcell lines expressing either the full-length v-Abl (p160) or a C-terminal deletion mutant lacking the Jak1 binding domain (⌬858-1080) were generated. Clones expressing similar levels of v-Abl proteins were selected for further analysis. Immunoblotting of Jak1 immunoprecipitates from these cells with an Abl-specific antibody indicates that in contrast to wild-type p160 v-Abl, the ⌬858-1080 mutant exhibits significant defects in its ability to associate with Jak1 in vivo (Fig. 1D) . In addition, a peptide which contains only aa 858 to 1080 of v-Abl can bind Jak1 when expressed in 293T cells (data not shown), suggesting that this domain in the carboxyl-terminal portion of v-Abl is sufficient to bind Jak1 in vivo.
Taken together, these data indicate that the region spanning aa 858 to 1080 in the C terminus of v-Abl is required for Jak1 interaction both in vitro and in vivo. This is the first demonstration of a direct interaction between a Jak and another class of tyrosine kinases. Because the v-Abl oncoprotein exhibits constitutive kinase activity, these results led us to propose that the interaction of this protein with Jak proteins may activate Jak proteins independent of cytokines (see below).
The Jak1 binding domain of v-Abl is required for cytokineindependent proliferation and Jak-STAT signaling in BAF/3 pro-B cells. Hematopoietic cells infected with A-MuLV or cells transfected with the v-Abl oncoprotein can grow in the absence of cytokines, including IL-3 (30) . To address the requirement for the Jak1 binding domain of v-Abl in mitogenic pathways activated by this oncogene, the rate of DNA synthesis in BAF/3 cells expressing wild-type v-Abl or the Jak1 binding mutant (⌬858-1080) of v-Abl was assessed.
3 H uptake assays 24 or 48 h after washing and seeding cells in the absence of IL-3 reveal a 20-to 30-fold-higher proliferation in cells expressing wild-type v-Abl than that in cells expressing the mutant protein ( Fig. 2A) . This defect in proliferation is reversible in the presence of IL-3, since IL-3-induced proliferation of cells expressing this mutant of v-Abl is comparable to or even slightly higher than that of parental BAF/3 cells (data not shown). BAF/3 p160 v-Abl transfectants remain viable and can proliferate continuously in the absence of IL-3. The differential proliferation and survival of the wild-type and mutant v-Abl transfectants cannot be explained simply by the differential enzymatic activities of the two proteins, since in vitro kinase assays demonstrate that the kinase activity of the mutant v-Abl is comparable to that of the wild-type protein (data not shown). This is consistent with recent studies indicating that the carboxyl-terminal portion of v-Abl does not play a regulatory role in the kinase activity of the protein (37) . These data indicate that the Jak1 binding domain of v-Abl is required to render BAF/3 cells IL-3 independent for proliferation.
The growth properties of the v-Abl BAF/3 clones correlate with the activation status of Jak-STAT proteins in these cells. In vitro kinase assays performed on Jak1 immunoprecipitates from these transfectants suggest that Jak1 is a substrate of v-Abl. Jak1 activation in the absence of cytokine addition can be detected when wild-type v-Abl is expressed in these cells, while this activity is lost upon expression of the ⌬858-1080 mutant (Fig. 2B) . In p160 v-Abl transfectants, Stat1, Stat3, and Stat5 are constitutively activated as indicated by their state of tyrosine phosphorylation (Fig. 2C) . Consistent with these observations, BAF/3 cells stably expressing p160 v-Abl also exhibit cytokine-independent STAT DNA binding activities as assessed by electrophoretic mobility shift assays, while such activities are absent in cells expressing the ⌬858-1080 mutant (data not shown). In addition, supernatants taken from p160 v-Abl transfectants cannot induce STAT activation when added to parental BAF/3 cells, suggesting that constitutive phosphorylation of STATs observed in these transfectants is probably not the outcome of an autocrine loop (data not shown). The above observations indicate that the region spanning aa 858 to 1080 in the carboxyl terminus of v-Abl is required for cytokine-independent Jak1 and STAT activation by this oncoprotein.
An active Jak1 protein is required for v-Abl-induced activation of STATs and cytokine independent proliferation of BAF/3 cells expressing p160 v-Abl. The role of Jak proteins in proliferation has not been extensively studied. The inability of the Jak1-binding mutant to activate STATs and to support the IL-3-independent growth of BAF/3 cells ( Fig. 2A) is consistent with a model in which Jak1 may function as either a substrate or a mediator of v-Abl signaling to these pathways. To establish a link between Jak1 function and the differential ability of the wild-type and Jak1 binding mutant of v-Abl to confer cytokineindependent proliferation and STAT activation, a kinase-inactive mutant of Jak1 was generated by mutating a single lysine residue to arginine at position 896 in the ATP binding loop of the enzyme (27) . The metallothionine promoter regulating the expression of kinase-inactive Jak1 allows two-to threefold induction of this protein when BAF/3 p160 v-Abl cells stably expressing the inducible kinase-inactive Jak1 expression construct are cultured overnight in the presence of ZnSO 4 . To examine the requirement for Jak1 function in v-Abl-induced cytokine-independent proliferation, 3 H uptake assays were conducted with p160 v-Abl BAF/3 cells in the absence of IL-3, before and after induction of the kinase-inactive Jak1 protein.
Concomitant with the induction of this Jak1 mutant (anti-Jak1 immunoblots [ Fig. 3A, inserts]) , an approximately three-to fourfold reduction in DNA synthesis was observed after various independent clones were cultured in the presence of ZnSO 4 . In contrast, proliferation of the parental p160-expressing BAF/3 clone was not affected in any significant manner after addition of ZnSO 4 to the medium (Fig. 3A) . STAT immunoprecipitates from cells induced to express the kinasedeficient Jak1 reveal that the reduction in the rate of DNA synthesis was accompanied by a decreased level of STAT tyrosine phosphorylation in these cells (Fig. 3B) . The kinase-inactive Jak1 mutant can associate with v-Abl (data not shown). It is possible that this mutant exerts its effect as a dominant negative protein by competing with wild-type Jak1 for binding to v-Abl and activating downstream Jak1-dependent pathways. The above observations suggest that a functional Jak1 is required to relay cytokine-independent STAT activation and proliferation in the presence of v-Abl.
Cells expressing the Jak1 binding mutant of v-Abl exhibit lower frequency and extended latency of tumor formation in nude mice. The above growth characteristics of BAF/3 cells expressing p160 v-Abl or the Jak1 binding mutant form of the protein (⌬858-1080) led us to examine the role of this domain in transformation. Because we have been unable to generate retroviruses that express the Jak1 binding mutant of v-Abl, we used the BAF/3 cells expressing wild-type or ⌬858-1080 mutant v-Abl in nude-mouse injection assays. Mice were examined for 2 weeks for signs of visible tumor growth. Tumors could be detected within 10 days in 94% of the nude mice injected with wild-type v-Abl BAF/3 transfectants. In contrast, only 10% of the mice injected with cells expressing the Jak1 binding mutant of v-Abl showed visible tumor growth during this period (Fig. 4) . Tumors were eventually visible 17 days postinjection in 57% of the mice that received cells expressing the mutant v-Abl. By day 19 postinjection, 67% of these mice showed visible sign of tumor growth. In addition to this delayed appearance, the tumors formed in mice injected with cells expressing the ⌬858-1080 mutant of v-Abl were three-to fourfold smaller in mass compared to those generated by p160 transfectants (data not shown). Parental IL-3-dependent BAF/3 cells did not give rise to any tumors during the course of these experiments. Because p160 and the Jak1 binding mutant form of v-Abl show similar in vitro kinase activities (data not shown), the difference in tumorigenic potential of BAF/3 v-Abl transfectants cannot be explained based on differential enzy- The ⌬858-1080 mutant of v-Abl cannot activate Jak1 in the absence of cytokines. Jak1 was immunoprecipitated (IP) from precleared lysates prepared from BAF/3 transfectants stably expressing wild-type (160.8 and 160.6) or Jak1 binding mutant (⌬858-1080) forms of v-Abl. Immune complexes were subjected to an in vitro kinase assay. Half of each sample was analyzed by SDS-PAGE (7% gel) and autoradiography, and the other half was blotted (WB) with an antibody to Jak1 to control for equal amounts of protein immunoprecipitated. (C) The ⌬858-1080 mutant of v-Abl cannot activate STATs in the absence of cytokines. Stat1, Stat3, and Stat5 were immunoprecipitated (IP) from precleared lysates prepared from BAF/3 cells stably expressing the wild-type or ⌬858-1080 mutant forms of v-Abl. Immune complexes were fractionated by SDS-PAGE and immunoblotted (WB) with an antiphosphotyrosine antibody. The blots were then stripped and reprobed with antibodies to specific STATs as indicated. As a control for tyrosine phosphorylation of specific STATs, parental BAF/3 cells were washed extensively and starved of IL-3 for 2 h. They were then either left untreated or treated for 15 min with WEHI (IL-3) conditioning medium, TPO (for BAF/3 cells stably expressing the TPO receptor), or gamma interferon (IFN␥). matic activities of the two proteins. Our observations suggest that the Jak1 binding domain of v-Abl is important in rendering BAF/3 cells highly tumorigenic in nude mice.
Jak1 may influence other signaling pathways downstream of v-Abl. Although BAF/3 cells stably expressing p160 v-Abl or the Jak1 binding mutant (⌬858-1080) of the protein provide a useful in vivo system to analyze the requirement of the Jak1 binding domain in activation of downstream signaling pathways by v-Abl, it cannot be excluded that the difference in the abilities of these cells to proliferate in the absence of cytokines or to generate tumors in nude mice is due to a large deletion, which might impair other signaling pathways in addition to Jak-STAT. The region spanning aa 858 to 1080 of v-Abl has not been shown to bind any other signaling molecule thus far. The two identified PKC recognition sites (39) , the majority of the cdc2 consensus sites (26) , the SH3 binding regions (shown to bind Grb-2, Nck, and Crk) (16, 43) , and the F/G-actin binding domain (32, 53) are still conserved when aa 858 to 1080 are deleted from v-Abl. To examine the impact of this deletion on protein folding and function, several other signaling pathways shown to be activated by v-Abl or those implicated in proliferation and cell survival were analyzed. Although the Jak1 binding mutant of v-Abl cannot confer cytokine-independent proliferation and survival to BAF/3 cells, deletion of the Jak1 binding domain of v-Abl does not lead to a reduction in the level of tyrosine-phosphorylated Shc, p62 Dok (13, 57), Abi-1 (50), or c-Myc (Fig. 5A to C and data not shown) . These data suggest that the Jak1-Abl interaction is not required for the activation of these signaling pathways by v-Abl. It is interesting that the levels of c-Myc and phosphorylated p52 Shc are slightly increased in cells expressing the mutant v-Abl. The molecular mechanism underlying these increases is not clear.
It has become increasingly clear that in addition to STATs, Jak proteins may regulate other signaling proteins, including the Ras/MAPK pathway (56) . To assess the level of the active (GTP-bound) form of Ras downstream of the wild-type v-Abl or the Jak1 binding mutant of v-Abl, GST pulldown assays were performed with the Ras-binding domain of Raf (GST Raf RBD). It has previously been established that this domain of Raf exhibits high-affinity interaction with GTP-and not GDPbound Ras. This property of Raf RBD has been used to assess Ras activation (10) . In BAF/3 transfectants expressing p160 v-Abl, a significant amount of GTP Ras can be captured with the GST Raf RBD fusion protein (Fig. 5D, lane 3) . This level of GTP Ras is significantly higher than that detected in parental BAF/3 (lanes 1 and 2) but lower than that found in cells 
DISCUSSION
In this study, we have taken two complementary approaches to examine the role of Jak-STAT activation in v-Abl function. First, we have defined a region in the carboxyl terminus of v-Abl that is required for Jak1 association both in vitro and in vivo. Deletion of this domain abrogates the ability of v-Abl to activate Jak1 and STATs in different cell lines. In addition, BAF/3 transfectants expressing the Jak1 binding mutant of v-Abl are unable to proliferate in the absence of IL-3 and are less tumorigenic in nude mice than are BAF/3 cells expressing the wild-type protein. Second, we have used a kinase-inactive mutant of Jak1 to show that Jak1 function is required for v-Abl to activate STATs and to stimulate proliferation of BAF/3 cells independent of cytokines. Together, these results indicate that Jak1 is important in several aspects of v-Abl function.
The Jak1 interaction domain of v-Abl maps to a novel region (aa 858 to 1080) in the carboxyl terminus of the protein, which was previously of unknown function. To our knowledge, no other signaling protein has been shown to interact with this domain. Although this region is required for Jak1 association, it is possible that other v-Abl domains or other Abl-interacting proteins contribute to Jak1 activation by v-Abl. Using in vitro binding assays, we can occasionally detect interaction of Jak1 with a GST fusion protein expressing the SH2 and the kinase domains of v-Abl. Our previous studies have demonstrated that the Abl kinase activity is required for v-Abl-dependent activation of the Jak-STAT pathway. Interestingly, association of Jak1 and v-Abl in vivo is diminished but not lost at nonpermissive temperature (9) . It is therefore possible that the binding of Jak1 to the C terminus of v-Abl serves primarily to bring Jak1 close to the v-Abl catalytic (kinase) domain and that the interaction between v-Abl SH2 domain and tyrosine-phosphorylated Jak1 further stabilizes this complex.
Cells that are naturally dependent on cytokines for growth can, in the presence of v-Abl, proliferate independently of cytokines. Our observations suggest that Jak1 is required for v-Abl-mediated proliferation of BAF/3 cells. This is especially interesting because several signaling molecules previously suggested to be involved in proliferative signals by v-Abl, including Shc, p62 Dok, and myc, do not show a reduced level of activation in cells expressing the Jak1 binding mutant form of v-Abl. Therefore, it appears that Jak1 may play an important role in mitogenic signals downstream of v-Abl. Although recent studies suggest that STATs may be required for maximal proliferation induced by cytokines (29), it is not clear whether proliferation of v-Abl-expressing transfectants is dependent on STAT activation. In addition to STATs, Jaks may target other signaling pathways. For instance, a link between Jaks and Ras has been suggested (56) . Consistent with a possible role for Jak1 in Ras regulation, we found that the level of the GTPbound form of Ras is slightly diminished downstream of the Jak1 binding mutant of v-Abl. The level of GTP Ras in BAF/3 cells expressing this mutant, however, is still higher than that seen in parental cells. This may be due to the recruitment of signaling proteins such as Grb-2, which have been shown to bind the proline-rich sequences 3Ј of the Abl kinase domain (43) . Despite Ras activation, we and others did not detect a significant level of activated ERK1/ERK2 MAP kinases downstream of v-Abl (reference 36 and data not shown). It is possible that downstream of v-Abl, and in the context of BAF/3 cells, Ras is involved in regulation of other signaling proteins, such as PI3-kinase. Ras and PI3-kinase have been reported to regulate each other (12) . Consistent with this, and in accord with a recent report suggesting the requirement for Jak1 in activation of PI3-kinase (1), we found a diminished level of p85 phosphorylation downstream of the Jak1 binding mutant of v-Abl (data not shown). Although the exact molecular mechanism underlying the proliferation defect in cells expressing the v-Abl mutant awaits further studies, our observations suggest that Jak1 activation downstream of v-Abl may serve to regulate multiple signaling pathways.
The ability of v-Abl to bind and activate Jak proteins led us to question whether this interaction is important in cellular transformation. Indeed, Jak proteins have been implicated in oncogenic processes (28, 38) . A gain-of-function mutant allele of hopscotch, a homologue of Drosophila Jak, can also lead to transformation (19, 20) . Our data clearly show that in BAF/3 cells, v-Abl-Jak1 association and Jak1 activation are important in cytokine-independent proliferation. However, factor-independent growth per se does not lead to transformation (7, 58) . Signaling pathways activated by the abl oncogene therefore might not solely mimic events triggered by receptor-cytokine interaction. Because we have been unable to obtain A-MuLV that contains the Jak1 binding mutant of v-Abl, we addressed the importance of Jak activation by v-Abl in nude-mouse assays with BAF/3 cells. We found that BAF/3 cells expressing the Jak1 binding mutant of v-Abl are somewhat impaired in generating tumors in nude mice. Since these assays were done with a long-term tissue culture cell line, they do not necessarily completely mimic the transformation process in vivo. Cellular transformation appears to require the activation of several different complementary pathways. Since secondary genetic alterations tend to accumulate in long-term tissue culture cell lines, some of these pathways may already be active in the BAF/3 cell line, making these cells more permissive for transformation by the Jak1 binding mutant of v-Abl. Alternatively, since some tumors do eventually appear in these mice, the Jak1 binding domain of v-Abl may be important for high-efficiency tumor formation but not for absolute transformation. Analysis of primary cells expressing the mutant v-Abl and examination of Jak1-deficient mice for efficiency of v-Abl-induced transformation are needed to further address the importance of Jak1 in transformation by v-Abl.
Although the human oncogenic form of Abl, Bcr-Abl, and the murine oncogenic form v-Abl have many common characteristics, several structural and functional differences between the two have been reported. It appears that the activation of Jak-STAT signaling by these two forms of Abl may be another example of biological differences between these oncoproteins. Unlike v-Abl, Bcr-Abl does not associate with Jak proteins (5, 23) . It is possible that sequences within the Bcr region or the Abl SH3 domain which are present in Bcr-Abl, but not v-Abl, contribute to protein folding or protein-protein interactions rendering C-terminal sequences inaccessible for Jak1 binding. Alternatively, the C terminus of Bcr-Abl might not be able to bind Jak proteins. Comparison of Abl protein sequences reveals that although there is a high degree of homology (99%) between murine and human c-Abl in the SH2 and kinase domains (15), the C-terminal region (corresponding to aa 858 to 1080 of v-Abl) are 68% identical. Therefore, it is possible that critical amino acids required for Jak1 binding within this region are not present in the human Bcr-Abl oncoprotein. In- terestingly, constitutive activation of Jak proteins has not been consistently detected in all Bcr-Abl-expressing cells (4, 5, 23, 51) . These data are consistent with the observation that kinaseinactive mutants of Jak2 do not block constitutive activation of Stat5 in Bcr-Abl-expressing BAF/3 cells (23) . Thus, activation of STATs by Bcr-Abl may be Jak independent. It is possible that Bcr-Abl directly activates STATs or that it targets its kinase activity to STATs through a different interacting protein.
One of the paradoxes of v-Abl biology is that although AMuLV can bind to most cell types, the tumors that develop in mice infected with this virus are almost exclusively pre-B-cell leukemias. The etiology of this specificity remains unknown. Accumulating evidence suggests that the carboxyl terminus of v-Abl may play an important role in regulating this function of the oncoprotein. Experiments in which various regions of src and abl oncogenes were used to generate hybrid retroviral genomes have shown that the C-terminal domain of v-Abl, in addition to the 3Ј end of the Abl kinase domain, is sufficient to confer a pre-B-cell transforming property to src retroviruses (21) . Although all C-terminal truncation mutants of A-MuLV examined thus far can transform NIH 3T3 cells, they exhibit reduced efficiency of bone marrow transformation. The majority of these mutants are also somewhat impaired in their ability to generate tumors in mice (22, 34) . The Abl oncoprotein has been shown to activate many signaling pathways, several of which may be required for transformation. It is possible that in some cells (e.g., NIH 3T3 cells), signaling pathways that require the intact carboxyl terminus of v-Abl, such as the cytokine signaling pathway, are not essential for transformation, perhaps due to the activation of other compensatory pathways. Given our data and the transformation phenotype of carboxylterminal truncation mutants of A-MuLV, it would be interesting to examine whether activation of the Jak-STAT pathway by the carboxyl terminus of v-Abl may play a unique role in the selectivity with which A-MuLV functions in its in vivo targets.
